Poultry products such as meat and eggs are known reservoirs for Salmonella serovars. Macrophages play an important role by limiting bacterial replication using several defense mechanisms including immune and inflammatory mediators, antibacterial proteins, reactive nitrogen and oxygen species. In this study, we evaluate transcriptional changes in Toll-like receptors, immune/inflammatory cytokines, chemokines, antibacterial factors, and nitric oxide (NO) production in HD11 chicken macrophages in response to intracellular persistence of poultry-derived Salmonella enterica Enteritidis (SE), Typhimurium (ST), and Heidelberg (SH) that were associated with human salmonellosis. Invasion of ST was higher than SE or SH; however, SH persistence in HD11 cells at 18 h post infection (hpi) was more pronounced than the other 2 serovars. In comparison to the uninfected control HD11 cells, expression of TLR5 was >2 fold higher for SE and SH which was followed by up-regulation of downstream signal transduction molecules. Significant up-regulation of antibacterial peptides, proinflammatory chemokines, cytokines, and NO production were observed in response to SE, SH, and ST at 18 hpi. These results indicate that although antibacterial factors contribute to the clearance of invading Salmonella, some of the differences in response could also be due to the different virulence properties of these serovars.
INTRODUCTION
Poultry products such as eggs and meat are well-known reservoirs for several Salmonella enterica serovars, of which Enteritidis (SE), Typhimurium (ST), and Heidelberg (SH) are more frequently associated with human salmonellosis (Jackson et al., 2013) without causing any overt illness in chickens. According to the CDC reports from 1998-2008, among the various food commodities that were linked to Salmonella outbreaks, eggs were the most commonly implicated food (28% of the total outbreaks) followed by chicken (16%), pork (9%), beef (8%), fruit (8%) and turkey (7%) (Jackson et al., 2013) . Furthermore, these commonly implicated foods were serotype-specific in that the eggassociated outbreaks were predominantly caused by SE (83%) and SH (9%), and chicken-associated outbreaks were mainly caused by SE (28%), ST (23%), and SH (13%) (Jackson et al., 2013) . Similarly, using experimental infection models, it has previously been shown that Salmonella serovars have varying degrees of tis-sue colonization and egg contamination potential (Gast et al., 2004; Gantois et al., 2008; Balan et al., 2016) .
Tissue colonization is a result of a balance between the host response and bacterial virulence factors, such as type 3 secretion systems (T3SS) -1 and -2 encoded by Salmonella pathogenicity islands SPI-1 and SPI-2, respectively, which promote the bacterial survival and replication within the host cells (Vazquez-Torres and Fang, 2001; Chakravortty et al., 2002; Ehrbar et al., 2002; Waterman and Holden, 2003) . Following infection, Salmonella can invade the tissue, triggering the production of pro-inflammatory cytokines and leading to an influx of heterophils and macrophages to the site of infection (Van Immerseel et al., 2002; Wigley, 2014) . Macrophages are part of the first line of defense in clearing harmful pathogens either directly (innate immune response) or by processing and presenting antigens to T and B cells (adaptive immune responses). In general, macrophages recognize pathogen-associated molecular patterns (PAMPs) via Toll-like receptors (TLRs) (Ciraci and Lamont, 2011) , and their binding leads to activation of downstream signaling pathways resulting in increased production of inflammatory mediators, antimicrobial peptides, and reactive oxygen and nitrogen species, all of which facilitate bacterial clearance (Taylor et al., 2005; Babu et al., 2006; Wigley et al., 2006; Zhang et al., 2008; Chappell et al., 2009; 1849 Flannagan et al., 2009 He et al., 2012; Setta et al., 2012; Braukmann et al., 2015) . Therefore, survival of Salmonellae within chicken macrophages and their dissemination via the lymphatic system to different tissues is crucial for Salmonella pathogenesis and establishment of systemic infection (Chappell et al., 2009) .
The objectives of this study were to compare invasive ability of the different Salmonella serovars, transcriptional changes in TLR, immune/inflammatory cytokines, chemokines, antibacterial factors, and nitric oxide production in HD11 chicken macrophages in response to intracellular persistence of Salmonella serovars using representative isolates of poultry derived SE, SH, and ST that were associated with human salmonellosis.
MATERIALS AND METHODS
Cell culture: Avian macrophage line HD11was maintained in RPMI-1640 medium (Thermo Fisher Scientific, Waltham, MA) supplemented with 10% heat inactivated bovine fetal serum (FBS, HyClone Laboratories, South Logan, Utah) at 37
• C in a 5% CO 2 atmosphere. Viability of HD11 cells were determined by trypan blue exclusion method and 1.5 × 10 6 cells were plated for infection with Salmonella serovars.
Bacterial strains: The bacterial strains used in this study were associated with human salmonellosis resulting from consumption of egg or poultry products or by contact with poultry. SE phage type 8 (#638970-15, Arkansas district lab, FDA) was isolated from environmental samples collected from the Iowa farms linked to the 2010 shell-egg outbreak. SH (#CDC 2012K-1252 and ST (#CDC 2013K-0862) strains were clinical isolates from consumption of contaminated chicken and contact with live backyard flocks, respectively. A detailed investigative report from the SH and ST 2013-outbreaks is presented on the CDC website (http:// www.cdc.gov/Salmonella/outbreaks-2013.html).
All Salmonella serovars used in this study were infective in laying hens and colonized in the spleen and ovaries .
Infection of HD11 Cells with Salmonella Serovars
Logarithmic cultures of Salmonella serovars (SE, SH, and ST) grown in aerated buffered peptone water at 37
• C were normalized at OD 600 nm to 2 × 10 8 cells/mL. HD11 cells (1.5 × 10 6 per plate) in antibiotic-free medium were infected with Salmonella serovars at a multiplicity of infection (MOI) of 30. The cells were incubated for 1.5 h at 37
• C and rinsed with gentamicin-containing medium (50 μg/mL, Life Technologies, Carlsbad, CA). After 1 h, cells were incubated at a lower gentamicin concentration (25 μg/mL) for a total of either 4 h or 18 h post infection. Previously, susceptibility of Salmonella serovars to gentamicin was determined to be less than 0.25 μg/mL . The cells were washed with gentamicin-free medium and lysed with 0.2% Triton X-100. Intracellular bacteria were collected and enumerated on Luria broth and xylose lysine desoxycholate (XLD) agar plates using an Eddy Jet 2 spiral plater and flash & go colony counter (Neutec Group, Inc. Farmingdale, NY). Values presented are the averages of 4 separate experiments with triplicate samples within each experiment.
RNA Isolation from Infected HD11 Cells and Antibacterial Response RT Profiler PCR Array
HD11 cells at 18 h post infection were lysed with β-mercaptoethanol (1%) containing RLT lysis buffer (Qiagen, Valencia, CA) following which the intracellular bacteria were separated by centrifuging the lysate at 14000 g for 1 min. After separation of the intracellular bacteria, lysates from infected HD11cells were processed for total RNA and cDNA synthesis according to the manufacturer's protocol (Qiagen). The concentration and purity of the extracted RNA was verified by a NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE) and Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA). To quantitate antibacterial innate immune responses by HD11 cells, the expression levels of 84 genes including pattern recognition receptor signaling, antimicrobial peptides, inflammatory responses, cytokines and chemokines, and apoptosis were evaluated using the RT2 Profiler chicken antibacterial response PCR Array System (Qiagen) and CFX96 Real-time PCR Detection System (Life Science Research, Hercules, CA). In order to normalize the data, 5 endogenous control genes namely, β-actin, glucose 1-dehydrogenase, hydroxymethylbilane synthase, ribosomal protein L4 and ubiquitin C were used. Each replicate cycle threshold (CT) was normalized to the average CT of 5 endogenous controls on a per plate basis. The 2−ΔΔCT method was used to calculate the relative fold-change in gene expression from uninfected versus Salmonella-infected HD11 cells. The differentially expressed genes were identified using a 2-tailed Student's t-test. The selection criteria included a P-value less than 0.05 and a mean difference equal to or greater than a 2-fold change in expression levels after Salmonella infection, and only genes that were significantly differentially regulated are presented in this report. Alterations in mRNA levels that fit the above criteria were considered to be up-or down-regulated. The statistical calculation was based on the web-based program of RT2 Profiler PCR Array Data Analysis (https://www.qiagen.com/us/products/genes%20and% 20pathways/data-analysis-center-overview-page/?UID =44dedd6b-4002-4924-81bb-dfb2b330d20e).
Nitric Oxide Analysis
Supernatants (50 μL aliquots) from the infected cells were mixed with 50 μL Griess reagent (Sigma, St. Louis, MO) and incubated at room temperature for 10 minutes and were read in a ELISA plate reader (Molecular Devices, Sunnyvale, CA) at 550 nm. The amount of NO produced was calculated by comparing with a standard curve generated by using 0 to 200 nmol of NaNO 2 .
Statistical Analyses of Intracellular Salmonella Survival and NO Production
Data pertaining to NO and bacterial killing were analyzed by conducting one-way analysis of variance followed by Student-Newman-Keuls test using SigmaPlot 13.0. Differences between the treatment groups were considered statistically significant at P < 0.05.
RESULTS AND DISCUSSION
In this study, we have evaluated the intracellular persistence of different Salmonella serovars using HD11 chicken macrophage cell line which offers a uniform population of cells to assess the role of innate immunity in response to intracellular bacteria (Babu et al., 2006; Setta et al., 2012) . This in vitro infection model has been used by others as an indicator of disease pathogenesis (Wigley et al., 2001; Chappell et al., 2009) . Our data indicated a higher persistence of SH than SE or ST at 18 h post infection of HD11 cells (Figure 1 ) which coincided with higher reproductive tissue colonization and egg contamination by SH compared to SE and ST in an in vivo study . Others have similarly reported differential persistence of Salmonella serovars in chicken splenic macrophages and HD11 cells (Setta et al., 2012; Braukmann et al., 2015) .
In general, pathogen-associated molecular patterns are recognized by pattern-recognition receptors, such as TLRs, which can be activated to induce the production of cytokines and chemokines that may lead to inflammatory disease or resolution of infection. However, different pathogens and their components are known to activate different TLRs; for example, peptidoglycan and * represents P < 0.05 with more than 2-fold change over uninfected controls (N = 4 experiments for each serovar).
bacterial membrane proteins stimulate TLR2, bacterial lipopolysaccharides stimulate TLR4, whereas flagellin is a strong activator of TLR5 (Mogensen, 2009) . A detailed review of the protective effects of different avian TLRs has shown that TLR5 plays a role in defense against Salmonella (St Paul et al., 2013), due to its known potential to increase pro-inflammatory cytokine production (Iqbal et al., 2005) . We saw an increased expression of TLR5 in response to SE and SH (Figure 2) , which led to the downstream activation of mitogen-activated protein kinase (MAPK), fructooligosaccharides (FOS), and nuclear factor kappa B (NF-κB; Figure 2 ) and further up-regulation of proinflammatory cytokines and chemokines (Table 1) . Similar signaling pathway has been described by others with respect to host immune responses to microbial invasion (Hazeki et al., 2007) . Furthermore, the role of NF-κB and MAPK activation in the induction of pro-inflammatory cytokines has been well illustrated by Mogensen in a detailed review on the mechanism of pathogen-induced inflammatory responses by cells of innate immunity (Mogensen, 2009) . Upon activation by microbial components, NF-κB is known to translocate into the nucleus, where it binds a wide variety of target genes encoding cytokines, chemokines, acute phase proteins, and antimicrobial peptides further affecting their transcription. Production of inflammatory mediators by NF-κB activation is a coordinated expression of multiple genes such as cytokine and chemokine receptors, immunoglobulins, TLRs, major histocompatibility complex (MHC) molecules, and costimulatory molecules.
Some of the understanding on the mechanism of Salmonella clearance by macrophages came from studies with genetically resistant chickens. Specifically, one of the previous reports has clearly demonstrated an association of increased expression of inflammatory cytokines and chemokines with reduced survival of Salmonella Gallinarum (SG) and ST in monocytederived macrophages from genetically resistant chickens (Wigley et al., 2006) . Furthermore, broilers with higher levels of the pro-inflammatory mediators have been shown to produce progeny with increased resistance against Salmonella Enteritidis (Swaggerty et al., 2014) . We saw increased expression of chemokines CxCL1, CCL4 and CCl5, cytokine IL-1β, IL-6, and IL-8 in HD11 cells in response to all 3 serovars at 18 h post infection (Table 1) , which possibly helps limit the bacterial persistence. Likewise, others have observed increased transcriptional changes in immune and inflammatory cytokines and chemokines following infection of HD11 cells with Salmonella serotypes (Setta et al., 2012; Braukmann et al., 2015) without any clear correlations between inflammatory changes and Salmonella clearance. This lack of correlation may be due to the fact that bacterial persistence is a result of interplay of many host and virulence factors and it is impossible to correlate the end result to a specific host response or bacterial component. In addition to increased expression of inflammatory cytokines and chemokines, we observed increased NO production (Figure 3 ), significant up-regulation of lysozyme (LYZ) and transferrin (TF) in response to all 3 serovars (Table 1) . LYZ is a cell wall lytic enzyme, which is induced as a first line of defense against infecting pathogens. However, the end result depends on the level of bacterial resistance, which might enable its persistence despite the presence of LYZ (Bera et al., 2006) . The importance of iron for intracellular survival and replication of Salmonella within macrophages has been established by others. For example, murine macrophages have been shown to limit iron availability via natural resistance-associated macrophage protein1 (Slc11a1), a proton-dependent transporter for divalent ions such as iron or manganese. Contrastingly, iron supplementation has been shown to impair nitric oxide (NO) formation, interleukin-6, and tumor necrosis factor-α (TNF-α) production thus enabling intracellular bacterial proliferation (Nairz et al., 2007; Nairz et al., 2009) . Although phagocytes secrete proteins to chelate various forms of iron as part of their host defense, pathogens are well adapted to obtain iron from host ferroproteins including transferrin (Ganz, 2009 ). This adaptation to ferroprotein was suggested by our data and that of others which showed increased persistence of Salmonella despite significant expression of transferrin in macrophages and granulosa cells (Nairz et al., 2007; Babu et al., 2016) . Others have attributed increased bacterial survival in the presence of transferrin to impaired innate immune functions as measured by NO and TNF-α production (Nairz et al., 2007) . However, we did not see any difference in NO production in response to different Salmonella serovars (figure 4). This discrepancy in results may be due to difference in study design in that others observed impaired NO at high concentrations of transferrin whereas we saw a moderate increase in transferrin expression in chicken macrophages; we did not measure the actual concentration of transferrin to be able to compare results from the 2 studies. Although avian macrophages produce significant amounts of NO in response to Salmonella serovars, bacterial killing is not proportional to the level of NO produced as seen in our study and by others Setta et al., 2012; Braukmann et al., 2015) . For example, Withanage et al. (2005) observed higher NO production in MQ-NCSU macrophages in response to SE and SG than ST although persistence of SE was similar to ST at 24 h post infection. In our study, survival of SH was better than that of SE or ST despite a higher NO at 18 h post infection (figure 4). Furthermore, others have shown little or no induction of NO in response to SE or ST in HD11 cells, although ST was cleared as well as other serovars that induced more than 10-fold higher NO (He et al., 2012) . Overall, our data and those reported by others suggest that NO does not play a critical role in Salmonella clearance by chicken macrophages.
Overall, increased expression of antibacterial factors in addition to pro-inflammatory signaling might be contributing to the clearance of Salmonella serovars seen in this study. Differential survival of these serovars may be due to their resistance to these factors (Bera et al., 2006) or increased virulence or both. To fully understand the differential survival of various Salmonella serovars that are associated with human salmonellosis, it will be prudent to evaluate the adaptation of virulence factors to the hostile host environment.
